Introduction
Scrapie is a transmissible, degenerative disease of the central nervous system which occurs naturally in sheep and goats. Infectivity copurifies with a partially protease-resistant form of a host neuronal membrane glycoprotein (scrapie-associated fibril protein, PrP) (Diringer et al., 1983; Bolton et al., 1982) of Mr 33K to 35K. Infection-specific PrP was originally discovered in the form of scrapie-associated fibrils (Merz et al., 1981 (Merz et al., , 1983 and is a hallmark of the molecular pathology of all scrapie-like diseases. To date, PrP protein sequences of eight species have been predicted from gene analysis (Oesch et al., 1985 ; Locht et al., 1986; Kretzschmar et al., 1986; Liao et at., 1987; Lowenstein et al., 1990; Goldmann et al., 1990 Goldmann et al., , 1991 with at least another 10 species-specific PrP variants detected by screening DNA of various inbred mouse strains, cattle herds and the human population (Westaway et al., 1987; Owen et al., 1990; Laplanche et al., 1990; Goldgaber et al., 1989; Goldfarb et al., 1991 ; Hsiao et al., 1989; Doh-ura et al., 1989) .
Although the effect of sequence variation on PrP structure and its normal function is unknown, expression of allelic variants of PrP have been linked to the incidence and the incubation period of disease in humans and mice. In addition, studies on transgenic animals have shown that extra copies of PrP genes can affect the incubation period and the incidence of disease Hsaio et al., 1990) . It has been suggested that PrP is the protein product of the gene that controls scrapie replication and timing of disease symptoms. However, this has not been proven beyond doubt; there are reports of individual recombinant mice (Carlson et al., 1988; Race et al., 1990) and one transgenic study may indicate the presence of two genes at the PrP locus (Westaway et al., 1991) .
In a selected flock of Cheviot sheep [Neuropathogenesis Unit (NPU) Cheviot sheep], the incubation period of experimentally induced scrapie (SSBP/1; Dickinson et al., 1976) was controlled by the alleles of the Sip gene, sA and pA (Dickinson & Outram, 1988) . Negative-line sheep are Sip pApA and will survive a subcutaneous (s.c.) injection of SSBP/I. Using the intracerebral route, negative-line sheep may succumb with long incubation periods (800 to 1000 days) but a proportion will survive. Positive-line sheep are Sip sAsA or sApA (as sA is partially dominant) and develop SSBP/1 scrapie in 150 to 400 days depending on the genotype and the route of infection.
If PrP and Sip are congruent, sequence differences might be expected between the PrP genes in sheep differing in their Sip genotype. The ovine PrP gene has already been partially sequenced following cloning of DNA from a Suffolk sheep, and two variants differing at codon 171 (Gin or Arg) were identified. It was not possible to link this polymorphism directly to the scrapie response phenotype (or the Sip genotype) because the W. Goldmann and others DNA-donor sheep was unavailable for experimental scrapie challenge. However, this PrP protein polymorphism was linked to a non-coding region EcoRI restriction fragment length polymorphism (RFLP), similar to one associated with Sip in NPU Cheviot sheep (Hunter et al., 1989) and to natural scrapie .
In this study we have analysed the coding region of the PrP gene from NPU Cheviot sheep to search for amino acid differences in PrP which may be associated with the alleles of the Sip gene.
Methods
Sheep. The animals selected for PrP gene analysis were NPU Cheviots from the Institute for Animal Health, Neuropathogenesis Unit Edinburgh, UK.
DNA preparation and Southern analysis. High M r DNA was made from blood, liver or brain tissue using the Applied Biosystems Nucleic Acid Extractor (340A) which uses a modification of the method of Blin & Stafford (1976) . Digestion, electrophoresis and Southern transfer in the analysis of EcoRI and HindllI polymorphisms were carried out as described in Hunter et al. (1987) except that the probe was derived from the sheep PrP genomic clone, pN PU42, a Sau3A subclone of pScr23.4 (Goldmann et al., 1990) . Modifications for the analysis of genomic DNA with RspXl were as follows: 10 ~tg digested DNA was separated on vertical 15 x 15 x 0-4 cm agarose gels (1.8% in 0.09 M-Tris-borate pH 8.0, 2 mM-EDTA, 0.1 ~tg/ml ethidium bromide) for 2.5 h at 50 mA followed by a 30 min wash in 0-4 M-NaOH and a 5 h DNA transfer onto a nylon membrane in 0.4 M-NaOH at 4 °C.
In vitro DNA amplification by polymerase chain reaction (PCR) and DNA analysis. For PCR (Saiki et al., 1985) , 1 to 2 ~tg of genomic DNA was dissolved in 67 mM-Tris-HC1 pH 8.8, 34 mM-KCI, 17 mM-(NH4)2SO4, 1.2 mM-MgCI2, 20 ~tg/ml BSA (Sigma), 10 mM-2mercaptoethanol containing 150 IxM-dNTPs, 2-5 units TaqI polymerase (Perkin-Elmer Cetus) and 30 pmol of PrP-specific primer oligonucleotides. The primer sequences were derived from the ovine PrP gene sequence (Goldmann et al., 1990) as follows: (284) TACGTGGG-CATTTGATGCTGACACCCTCTT, (331) TAGGAATTCTCTGC-AAGAAGCGACCAAAACCTGG, (138) CTGTTCTAGAACAG-GAAGGTTGCCCCTATCC, (285) GCAGGTAGACACTCCCTC-CCCCAACCTGGC. The reaction mix (50 ~tl) was overlaid with mineral oil and PCR was carried out for 40 cycles consisting of denaturation at 93 °C for 2.5 rain, annealing at 57 °C for 2.5 min (in some cases 62 °C for 2-5 rain) and extension at 70 °C for 2 min (Techne PHC-I Amplifier). All buffers used in PCR were checked for contamination by incubating a control mix including all components except genomic or other target DNA under identical conditions. DNA fragments were then visualized by electrophoresis in ethidium bromide/agarose gels. For sequencing, fragments were purified from gels and about 4 ng DNA was amplified asymmetrically using a 40 : 1 molar ratio of primers as above (Engelke et al., 1988) . Oligonucleotides were then removed by spin dialysis (Centricon 30 concentrator, Amicon) and about 1/5th volume of the PCR-amplified DNA was sequenced using Sequenase (USB), 370 kBq [3sS]dATP and PrPspecific oligonucleotides (about 5 pmol/sequence) (Sambrook et al., 1989) .
PCR-amplified DNA fragments were also purified from agarose gels using DEAE-membranes as recommended by the manufacturer (NA45, Schleicher & Schuell) before digestion with various restriction 
h2 ND * Haplotype found in the Suffolk sheep described by Goldmann et al. (1990) but not found so far in NPU Cheviots. ~f ND, Not done enzymes (Sambrook et al., 1989) , including RspXI (BioExcellence). Amplified fragments were always digested with PstI (BRL) (which has a restriction site in all sheep PrP coding regions tested so far) as a control to rule out the possibility of restriction enzyme inhibition.
Sequencing numbering system and polymorphism descriptions (i) DNA. The PrP gene DNA sequence is described with the numbering system used in Goldmann et al. (1990) . PrP gene haplotypes are described in detail in the Results section and in Table 1 using the terminology prp-a to prp-e.
(ii) Protein. Codons and amino acids are numbered differently. The amino terminus of mature ovine PrP after cleavage of the signal peptide (codons 1 to 24) has been described as Lys-Lys-Arg . We therefore refer to codon 25 (Lys) as PrP amino acid 1 (Lys 1). The PrP protein variants (described below) differ at three positions, which are described using the standard single-letter code, e.g. PrP ARR and PrP vRQ. N P U Cheviot sheep and lack of incubation period data. These results confirm and extend previous studies on this flock (Hunter et al., 1989 .
Results

RFLP analysis of the sheep PrP gene : description of jragments and haplotypes
(ii) RspXI
A third enzyme, RspXI, was shown to have polymorphic restriction fragments associated with the PrP gene (described in detail below). RspXI digestion of ovine genomic D N A generated the following restriction fragments which were detected using a PrP O R F probe: rl, > 10 kb; r2, 0.9 kb; r3 0.6 kb and r4, 0.55 kb (Table 1) . The locations of the restriction sites generating fragments r2 to r4 are shown in Fig. 1 (b) .
(iii) Haplotypes
The restriction sites of the three endonucleases EcoRI, HindIII and RspXI in the PrP gene occur in many combinations (creating different PrP gene haplotypes), but in the N P U Cheviots, only five haplotypes (prp-b to prp-e) have been found so far, as summarized in Table 1 .
In the N P U Cheviots, fragment el appeared to be linked to h2 and r4 (prp-b), whereas e3 was linked to hl, rl, r2 and r3 (prp-c-1 and prp-c-2) except in two animals where it occurred in combination with h2 (prp-d). The ratio of prp-c-1 to prp-c-2 in the negative-line sheep is approximately 3:1, but only a small number of animals have been analysed for this difference so far. An association between e2 and h2 can be inferred from four positive-line sheep. The haplotype prp-a, found originaly in a Suffolk sheep (Goldmann et al., 1990) has not yet been found in N P U Cheviots. in sheep 3 and 4). Fig. 2 shows details of the sequencing gels at these position in Sip sAsA and Sip pApA sheep and also in a Sip sApA heterozygote.
The sheep PrP gene protein coding region
Both nucleotide differences lead to amino acid differences (codons 136 and 171) in the predicted PrP proteins. (The numbering system and description of protein variants is described in Methods.) The codon 171 difference (Gin 147 to Arg 147) has been described before (Goldmann et al., 1990) (Fig.  I c, lanes 3 and 4) , whereas most of the pApA Cheviots show a > 10 kb fragment (rl) (not shown). Fig. lc, lane 1) , but is associated with Sip pA. The mutation is predicted to result in an amino acid change at codon 154 (Arg 130 to His 130). His 130 was found in a PrP protein variant with Ala 112 and Gin 147 (PrPAHQ; see summary Table 4 ).
To evaluate linkage of the Val/Ala 112 and His/Arg 130 polymorphisms to the Sip genotype, we used the two RspXI RFLPs as markers for the differences. The restriction sites were named RspXI-112 and RspXI-130 and digestion of the D NA at these sites identifies Val 112 and His 130, respectively. The linkage analysis is dependent on the detection of a very small difference (50 bp) between the two sites so we performed the RFLP analysis on PCR-amplified and purified DNA fragments (PCR oligonucleotide pair 331/138, Fig. 1 b) . The results are shown in be Sip sApA from incubation period data, consistently showed approximately half of their DNA digested at RspXI-112, suggesting that only one allele encodes Val 112. The same analyses performed on 11 negative-line Cheviots (presumed to be Sip pApA) were totally negative for RspXI-112 (both alleles encode Ala 112) but three of them were positive for RspXI-130 digestion (indicating His 130).
(iii) Analysis of association of PrP protein variants Gln/Arg 147 with alleles of Sip As there is no restriction enzyme to distinguish between PrP gene alleles encoding Gin 147 and Arg 147, sheep DNAs were partially sequenced at this region. The results of this analysis at the three polymorphic positions in sheep challenged with SSB'P/1 scrapie are summarized in Table 3 . Arg 147 has so far been found only with Ala 112 giving a possible linkage with Sip pA; however, Gin 
Discussion
Although non-coding region RFLP analysis of the PrP gene is a powerful predictor of disease susceptibility to both experimental and natural scruple , PrP protein polymorphisms may also provide information about mechanisms involved in disease. Our study of the protein coding region of PrP genes in NPU Cheviot sheep of various Sip genotypes has revealed four PrP protein variants, two of which are novel, and suggests that substitutions at amino acid 112 are associated with survival time differences following experimental challenge with scrapie source SSBP/1. Val 112 is associated with a short incubation period and with Sip sA, the dominant allele, and Ala 112 with a longer incubation period and with Sip pA. An incubation period slightly longer in putative Sip sApA than in putative Sip sAsA has been noted recently sheep encoding either PrP ARR or PrP AuO exhibited no significant difference in their incubation period.
The PrP variants we have detected may have been selected by SSBP/1 challenge of the sheep such that this scrapie isolate differentiates sheep carrying PrP vRQ from those with PrP AaQ, PrP ARR and PrP ARQ, and associates three PrP protein variants with negative-line sheep (which are all genetically classified Sip pApA). However, Dickinson et al. (1968) , pointed out the variability of incubation times in NPU Cheviot negative-line sheep after intracerebal injection with SSBP/I and suggested the possibility of subgroups in sheep with low susceptibility. Direct scrapie challenge of sheep with known PrP protein variants will be required to find whether our protein subgroups match Dickinson's incubation period subgroups. In mice, allelic forms of the PrP gene have been linked to the selection of different strains of scrapie from natural isolates (Carlson et al., 1989; Bruce et al., 1991) . It will be of great interest to see whether passage of scrapie in sheep expressing the different forms of PrP we have identified can similarly influence the natural and experimental phenotypes of this disease.
What do these PrP gene polymorphisms tell us about disease mechanisms? The eight single amino acid substitutions in the PrP protein which have been associated with the incidence and timing of clinical disease in humans and animals are all found between amino acids 80 and 178. Five substitutions are clustered between amino acids 80 and 95 (PMR-1 in Fig. 3) in an otherwise highly conserved region of the protein. In vitro studies indicate this domain (stop transfer effector region) may be crucial for the correct processing of the nascent PrP protein and targeting to the cell membrane (Hay et al., 1987; Bazan et al., 1987; Lopez et al., 1990; Yost et al., 1990) . It is possible that defects in the intraceUular processing of PrP may underly the molecu-lar pathology and timing of scrapie-like diseases (Rogers et al., 1990; Taraboulos et al., 1990) , and the region between amino acids 70 and 100 is implicated in these processes Yost et al., 1990) . However, our data linking Sip alleles in Cheviot sheep to polymorphisms at amino acid 112 coupled to other linkage studies in man and mouse (PMR-2 in Fig. 3 ) (Goldgaber et al., 1989; Goldfarb et al., 1990 Goldfarb et al., , 1991 Westaway et al., 1987) support the idea that a region nearer the carboxyl terminus of the protein may also be involved. This region may influence membrane translocation of the protein in scrapie-infected cells or, more simply, affect its self-aggregation into the protein fibrils which are characteristic of these diseases Tagliavini et al., 1991) .
In conclusion, our results strengthen the evidence for linkage of the PrP and Sip genes in sheep. Haplotypes of the PrP gene are also associated with susceptibility to natural scrapie and a similar study of natural cases is being undertaken. The creation of transgenic mice expressing the PrP gene variants we have found in NPU Cheviot sheep may allow us to dissect the structural domains of PrP important in the control of susceptibility to scrapie and to extend our knowledge of the natural disease.
